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Perchloroethylene (PCE), an effective degreasing solvent and fumigant, is among the most 47 frequently detected recalcitrant xenobiotic pollutant in soil and groundwater around the 48 world. In fact, PCE has been shown to be present most of the hazardous waste sites on the 49 U.S. Environmental Protection Agency National Priority List (1). 50
Although the reductive dechlorination of PCE has been achieved by bacterial 51 consortiums under anaerobic conditions some two decades ago (2-5), description of axenic 52 cultures capable of degrading PCE have been more recent. These axenic cultures belong to 53 four different metabolic groups: halorespirers, acetogens, methanogens and facultative 54 anaerobes (6). Detailed studies on the mechanisms of reductive dehalogenation of PCE 55 have been initiated and several reductive dehalogenases involved in PCE degradation have 56 been purified (7-10). Co-metabolic dehalogenation, expected for acetogens and 57 methanogens, results in one step conversion of PCE to TCE and the release one chlorine 58 moiety. Most of the halorespirers, which are able to gain energy from the dehalogenation 59 reaction, and facultative anaerobes continues further conversion of PCE to less chlorinated 60 compounds. To date, only Dehalococcoides ethenogenes strain 195 has been known to 61 degrade PCE to the non-toxic compound ethene (11), while most other natural biotic and 62 abiotic processes degrade PCE to result in toxic products (such as cis-dichloroethylene) and 63 carcinogenic intermediates (such as vinyl chloride) (12) (13) (14) (15) (16) . 64
For many years, PCE was thought to be non-biodegradable in the presence of 65 oxygen, but PCE degradation by Pseudomonas stutzeri OX1, involving a toluene-o-xylene 66 7 concentration of 1 mM ABT was present in 10 ml of defined medium with 2 g of T. 132 versicolor pellets, as described above. The bottles were incubated at 25ºC on an orbital 133 shaker (135 rpm) for 7 days. Heat-killed and inhibitor-free controls were included in 134 triplicate in this experiment. 135 136 2.5. PCE analysis. The concentration of PCE was determinated by static headspace gas 137 chromatography. All samples were equilibrated at 25ºC before analysis. A 1 ml liquid 138 sample from each experimental bottle was transferred to 4 ml sodium azide solution (1%) 139 in a 10 ml vial and sealed immediately with a teflon coated stopper. The vial was placed in 140 a headspace sampler Agilent 7964 (Agilent Technologies, Palo Alto, CA) and was heated to 141 85ºC for 50 min. Subsequently, a 1-mL headspace sample was injected automatically into a 142 gas chromatograph (Agilent 6890N) equipped with a column Agilent HP-5 (30 × 0.32× 143 0.25) and a flame ionization detector. 144
The GC operating conditions were as follows: column temperature, 40ºC (2 min), 145 slope 4ºC/min, 50ºC (1 min), slope 10ºC/min, final temperature: 160ºC; injector 146 temperature, 125ºC; flame ionization detector temperature, 260ºC; and carrier gas He at 7 147 psi pressure. Data was acquired and quantified by Millennium 32 software (Waters, 148 Milford, MA). 149
Total amount of PCE in the experimental bottles and its concentration in liquid 150 media were determined by comparing peak areas with those of external standards and by 151 using Henry´s law constant reported previously (27) C]PCE in experiments similar to those described above followed by nuclear magnetic 169 resonance (NMR) analysis. NMR spectra were recorded in a BRUKER AV500 170 spectrometer equipped with a high-sensitivity cryogenically cooled TCI probe and 171 operating at 100.62 MHz for 13 
C. 172
The sample used was prepared by adding 50µl of D 2 O (as a source of deuterium to 173 lock the sample into the magnet) in a 500µl of a 31-day old liquid sample. The concentration of chloride ions released during PCE degradation was measured 183
by an ionic chromatograph Dionex ICS-1000 equipped with a conductivity detector 184 (Dionex, Wommelgem, Belgium), using a 4-mm anionic exchanger column, IonPack AS9-185 HC (also from Dionex). The volume of injection was 25 μL and the mobile phase was 186 9 mmol/L sodium carbonate solution with a flow rate of 1 ml/min. 187
Laccase activity was measured using a modified version (28) is an aerobic organism, we hypothesized that oxygen depletion may be a significant 241 limitation on PCE degradation in the closed culture vessels employed in this study, 242 necessitated by the fact that PCE is highly volatile. The observed plateau in PCE 243 degradation observed after 6 days of incubation is consistent with this idea. Therefore, one 244 set of parallel cultures were re-oxygenated after 4 days of incubation. These re-oxygenated 245 cultures showed a slight increase in PCE degradation as well as in the amount of chloride 246 ions released. (Table 2) . 247 days, which coincides with the product formation (see Figure 1 and 2); (2) the 258 stoichiometry between µmol of chloride released and µmol of PCE degraded was 259 comparable to the theoretical ratio of 1:1 (see Table 2 injecting pure TCAC with deionized water using static head space gas chromatography. 272
It is note worthy that vinyl chloride and dichloroethene, frequently seen products of 273 reductive dehalogenation by bacteria under anaerobic conditions, were not observed as 274 products of PCE degradation by T. versicolor. In mammalian systems, cytochrome P-450 275 mediated oxidation of PCE results in the formation of TCAC via epoxy-PCE, which reacts 276 subsequently with amino groups in macromolecules or with water to give trichloroacetic 277 acid (TCA) (32, 33). Thus, PCE degradation by T. versicolor appears to be analogous to the 278 mammalian systems and is quite different from PCE degradation aerobic and anaerobic 279 bacteria described to date. Furthermore, unlike PCE and its products of vinyl chloride and 280 dichloroethene seen in bacterial systems, TCA produced from PCE by cultures of T. 281 versicolor is not considered to be a suspected carcinogen, is far less toxic, and is readily 282 degraded by other organisms in the environment. This is a distinct advantage with the 283 white-rot fungus T. versicolor in comparison to many of the bacterial systems for 284 degradation of PCE. 285
Enzymes of the P-450 super family are found in a wide range of prokaryotic and 286 eukaryotic organisms and have been well characterized, regarding their function, 287 regulation, and expression (34, 35) . In mammalian systems, PCE is known to be 288 metabolized by both cytochrome P-450-and glutathione-dependent biotransformation 289 pathways, leading to the generation of reactive metabolites which may covalently bind to 290 cellular macromolecules (32, 33, 36, 37) . In contrast to this, relatively little is known about 291 the basic biochemistry of fungal P-450 systems, in spite of the fact that P-450 has been 292 known for several years to play a key role in the biotransformation of various 293 15 environmental pollutants (24, 25, 38, 39) by white-rot fungi. Our experiments with 294 cytochrome P-450 inhibitor, ABT suggest that T. versicolor degrades PCE by the pathway 295 presented in Figure 5 . Our data supporting the formation of TCAC and TCA as successive 296 degradation products of PCE is supported by the earlier precedent of PCE transformation to 297 TCAC in mammalian systems. Recent reports on the identification and characterization for 298 the first time of P-450 encoding genes in T. versicolor (40), and the reported involvement 299 of P-450 in this organism in metabolizing recalcitrant dibenzothiophene derivatives (41), is 300 also consistent with the results of this study suggesting the involvement of P-450 in the 301 PCE degradation pathway shown in Figure 5 . In this study, we observed that much of the growth in T. versicolor cultures occurs 328 in the first three days and much of the oxygen gets depleted in these cultures around this 329 time (data not shown) resulting in lower PCE degradation during the rest of the incubation 330 period. In an earlier study, similar cultures grown in serum bottles with the white-rot 331 fungus P. chrysosporium showed 95.4% consumption of available oxygen in 5 day-old 332 cultures (51). This indicated the importance of re-oxygenation for potential improvement of 333 the PCE degradation by T. versicolor. Consistent with this, cultures that were re-334 oxygenated after four days of cultivation showed higher level of degradation and chloride 335 release than control cultures (Table 2) 
